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INTRODUCTION 


Airports throughout the United States are plagued with growing congestion. With the increase in air traffic 
predicted in the next few years, congestion will worsen. The accepted solution of building larger airplanes to carry 
more travelers is no longer a viable option, as airports are unable to accommodate larger aircraft without expensive 
infrastructure changes. Past NASA research has pointed to the need for a new approach, which can economically and 
safely utilize smaller airports. To study this option further, NASA requested the California Polytechnic State 
University at San Luis Obispo (Cal Poly/SLO) to design a baseline aircraft to be used for system studies. The 
requirements put forth by NASA are summarized in Table 1. The design team was requested to create a demonstrator 
vehicle, which could be built without requiring enabling technology development. To this end, NASA requested that 
the tested and proven high-lift system of the Boeing C-17 Globemaster III be combined with the fuselage of the 
BAe-146. NASA also requested that Cal Poly determine the availability and usability of underutilized airports 
starting with California, then expanding if time and funds permitted to the U.S. 

Table 1. The Design Requirements are Straightforward. 


Takeoff distance 

Landing distance 

Payload 

Range 

Cruise speed 

Cruise altitude 

Additional requirements: 


< 2,000 ft 

< 2,000 ft 

70 passengers 

> 1 ,000 n.nri. 

> 300kts 

> 25,000 ft 

Economically feasible 

Fly descending/decelerating simultaneous 
non-interfering (SNI) approaches 


TECHNICAL DISCUSSION 
Initial Sizing 

To begin sizing the airplane, twelve comparable existing regional jets were examined. Their data were used 
to create a weight trend in order to arrive at a rough estimate of takeoff gross weight (TOGW). The resulting weight 
trend is shown in Figure 1. Empty weight in pounds was plotted versus TOGW. The relationship shown was used 
to converge to an approximate value of TOGW for the Model 1 10 and the given mission requirements. 



10,000 100,000 
Takeoff Gross Weight in pounds 


Figure 1. Historical Comparisons Yielded A Current Regional Jet Weight Trend. 


f 
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To ensure the configuration met all the Table 1 mission requirements, a constraint plot was constructed. 
Several assumptions, driven by the requirements, were made in order to construct the plot. The number of engines 
was set at four in order to copy the C-17 lift system, which was a mission requirement. The landing deceleration was 
set at 0.8g, and engine takeoff and landing thrust lever settings of 75% were assumed based on industry noise 
reduction standards in airport traffic areas. Since the aircraft must attempt to meet all pertinent FARs, unless they are 
detrimental to the mission, the constraint plot took FAR Part 25 takeoff and landing requirements into consideration. 
In order to optimize the design, trade studies were conducted. Figure 2 presents the resulting constraint plot. Note 
that the initial design point inside the design space ensures that the Model 110 will meet all mission requirements. 
As can be seen in Figure 2, the range, landing stall speed and one-engine-inoperative (OEI) takeoff/landing 
requirements drove the design. 



Takeoff Wing Loading in pounds per square foot 

Figure 2. The Mission Requirements Can Be Used to Create a Constraint Plot. 

One study of particular importance was the variation in takeoff wing loading and takeoff thrust- to- weight 
ratio as cruise speed and cruise altitude vary. Next, the trade study plot was overlaid on the constraint plot to ensure 
cruise conditions were met. As can be seen in Figure 3, the final design point is located in the design space, and 
meets the cruise speed and altitude stated in the mission requirements. The final design point uniquely determined 
the takeoff thrust- to- weight ratio, as well as TOGW. With these parameters and the data obtained about the C-17 
wing, the configuration of the Model 1 10 could be defined. 



Figure 3. A Constraint Plot Overlays a Performance Trade Study. 
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Configuration 

Selection of the design point allowed a large-scale layout to be created using a 27% scale Boeing C-17 wing 
and high lift system. Since mission requirements also stated that a BAe 146-100 fuselage should be used, 
information was obtained on the BAe 146-100 showing that it would be large enough to accommodate the required 
70 passengers. For the baseline configuration, the CF34-3 engine was selected, as will be discussed later. Fuel tanks 
are located in the wings only, without the C-17’s overhead fuel tank, which was eliminated in order to certify the 
Model 1 10 for commercial use. The final TOGW was 77,150 lb. Figure 4 and the foldout show the final baseline 
configuration. 



Figure 4. The Baseline ESTOL Configuration Shows Off the Scaled C-17 Wing. 

In order to provide flexibility to the low cost prototype approach, several alternative fuselages could be 
used. Four candidate fuselages, each able of carrying the required number of passengers, are the Antonov AN-74TK- 
300, the ATR 72-500, the Bombardier Dash-8 Q400 and the IPTN N-250 Gutat Koco. Photos of these four options 
are shown clockwise in Figure 5. Since these aircraft are also STOL vehicles, their empennages would most likely 
be large enough to meet current design requirements, although no detailed calculations were done for these 
configurations. 
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Figure 5. There Are Several Alternative Fuselages Which Could Be Used. 


In addition to alternative fuselages, the Model 1 10 can also be outfitted with alternative engines. This 
provides additional flexibility to the baseline design. The engine selected would depend on the exact mission 
requirements, as well as concerns about weight, fuel efficiency, and range. Two alternatives were selected, the TF34- 
100A and the ALF502R-3A. They are shown along side the baseline CF34 in Figure 6. 





Figure 6. There Are Also Several Viable Engine Options. 


The alternative engines impact many features of the aircraft. For detailed comparisons between the three 
options, see the Propulsion section. 


The scaled-down C-17 wing used in the baseline configuration follows the same construction as the full- 
scale wing with six different aiifoil sections blended over the semispan. More detailed information about the aiifoil 
sections can be found in both the accompanying PowerPoint presentation and large-scale multi-view drawing. 
Knowing the geometry of the airfoils, the layout and volume of the fuel tanks were determined. The FARs dictate 
there can be no fuel over the cabin, and exclusion areas were placed over the engine pylons to accommodate their 
structural attachments. The final layout consists of three integral tanks, with a total fuel volume of 21,000 lb, and it 
is shown in Figure 7. Note that the outboard tank is not needed to meet the 1,000 n.mi. range requirement. Using 
the airplane without the outboard tank would result in a weight reduction and cost savings. 
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Figure 7. The Scaled Down C-17 Wing Contains Three Fuel Tanks. 

A detailed weight breakdown, shown in Table 2, was determined next. As can be seen, the TOGW varies 
with choice of engine. 

Table 2. The Three Alternative Engines Provide Slightly Different Aircraft Weights. 



CF34 

TF34 

ALF502 

Structure (lb.) 

25,788 

25,788 

25,788 

Propulsion (lb.) 

6,614 

6,462 

5,834 

Equipment (lb.) 

10,046 

10,046 

10,046 

Total Empty Weight (lb.) 

42,449 

42,297 

41,669 

Fuel (lb.) 

17,641 

17,000 

16,000 

Payload (lb.) 

17,060 

17,060 

17,060 

Takeoff Gross Weight (lb.) 

77,150 

76J56 

74,728 


The fuel weights vary because each alternative is sized to the 1,000 n.mi. range requirement and each engine 
has a different fuel efficiency. The structural weight assumes the BAe-146-100 fuselage was used, and that the wing 
contains all three of the available fuel tanks. 

By varying the payload and the fuel load, a payload/range diagram was constructed (Figure 8). 
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Range in nautical miles 


Figure 8. The Payload/Range Diagram for the Baseline ESTOL Meets the Mission Requirements. 

For the CF34, only 84% of the available fuel volume is used and this has several implications. The 
outboard fuel tank can be made optional, providing extended range configurations to operators. This would cause a 



Range in nautical miles 


Figure 9. Payload/Range Diagram Show That All Engine Options Meet Mission Requirements. 

Based on these plots and other basic calculations, it would appear the ALF502 provides the longest range; 
however, this does not take into account engine reliability or installed weight. 


Structural Considerations 

In adapting the C-17 wing to the BAe- 146- 100 fuselage, there were several structural issues which had to be 
addressed. Based on preliminary calculations, the empennage of the BAe- 146- 100 is sufficient to handle high lift trim 
(horizontal stabilizer) and engine out (vertical stabilizer) requirements. However, due to the large crosswind capability 
required for the ESTOL mission and the need for dynamic stability and control at low speeds, further study is 
warranted. Compared to the BAe-146-100’s original wing, the 27% scale C-17 wing is both larger in area and 
heavier than the stock BAe- 146 wing. The increase is shown in Table 3. 
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Table 3. The Stock BAe-146 Wing is Smaller than the Scaled C-17 Wing. 


Item Units 

Weight pounds 

Area sq.ft. 

Distance between spars @ centerline ft 


Model 110 

5,413 

1,030 

9.5 


BAe-146- 100 

4,995 

832 

4.5 


The additional wing weight is not a concern, since the structure of the later models of the BAe-146 was 
modified to support the heavier -300 wing. The larger dimensions of the wing did require some structural changes in 
the fuselage. In order to accommodate the larger Model 1 10 wing, two new frames will need to be added to the 
existing fuselage structure. In order to simplify the manufacturing process, the new frames would be constructed in 
the same method as frames number 13 and 19 of the current BAe-146- 100 fuselage. Altering the fuselage in this way 
would not require any new manufacturing processes or machinery, thereby reducing cost. Finally, the structural 
capabilities of the Model 1 10 were analyzed. The V-n gust load diagram shown in Figure 1 1 was constructed. 



Figure 11. The Baseline Configuration Meets FAR 25 Structural Requirements as Shown in This 

V-n Diagram. 


As shown, the ultimate loads cut off the gust maneuvering envelope at C’ and F\ The various maneuvering 
speeds are shown in Table 4. 

Table 4. Maneuvering Speeds for Baseline ESTOL are Lower than for Conventional Airliners. 


Stall Speed 

Vdi 

99 knots 

Design Maneuvering, 
Maximum Gust Intensity 

V A,B 

157 knots 

Cruise Speed 

V c 

380 knots 

Diving Speed 

V D 

468 knots 


The load diagram and table show that the Model 1 10 structure is strong enough to withstand any standard 
maneuver conducted by a regional airliner. 
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Landing Gear 

The landing gear on the Model 1 10 is essentially the same as the current system in the BAe-146. The loads 
were calculated using the baseline TOGW, and are shown in Table 5. 

Table 5. Landing Gear Loads and Weights (in pounds) are Typical for STOL Aircraft. 

Main Gear Static Load 70,978 

Nose Gear Static Load 6, 1 72 

Landing Gear Weight 2,791 

The standard BAe-146 landing gear can carry these loads since it was designed to accommodate gross 
weights up to 94,000 pounds in growth versions. It was also shown that the BAe- 146-100 landing gear is placed 
appropriately in relation to the Model 110 center-of-gravity (c.g.). The landing gear on the Model 110 is fitted with 
standard shock absorbers, just as with the BAe-146. Due to the descending/decelerating approaches the Model 110 
will fly, additional changes may be necessary to accommodate extension/retraction under g-ioading and high sink rate 
landings. Further study is warranted in this area. Overall, it was found the landing gear of the BAe-146 would not 
need to be modified, with one significant exception. Since the tires used on the original BAe-146 are no longer 
available, alternatives were explored. Using information provided by the original manufacturer, new tires were 
selected. Their specifications are shown below in Table 6. 

Table 6. This Tire Comparison Shows Alternatives to BAe-146 Gear Exist. 

Nose Gear Main Gear 



New 

DR15840T 

Old 

DR158S6T 

Type 

VII 

vii ; 

Tire Size 

24x7.7 

24x7.7 

Ply Rating 

14 

14 | 

Speed Rating 
(mph) 

190 

225 

Max Load 
(lbs) 

8,200 

8,200 

Typical Weight 
(lbs) 

29.4 

27.4 



New 

DR11739T 

Old 

DR11748T 

Type 

VII 

VII 

Tire Size 

39x13 

39x13 

Ply Rating 

18 

24 

Speed Rating 
(mph) 

190 

210 

Max Load 
(lbs) 

19,400 

27,400 

Typical Weight 
(lbs) 

89.30 

110,00 


Since the landing gear are conveniently located in the fuselage, there is no modification necessary to the 
original doors, fairings, or locks. There is also no need to alter systems such as steering, emergency systems, 
kinematics, and cockpit requirements. 
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Propulsion 

As requested in the RFP, the baseline ESTOL configuration uses the same high lift system as the C-17, 
namely externally blown flaps, in order to conform to the short takeoff and landing scenarios. A general picture of an 
externally blown flap system is shown in Figure 12. 



Figure 12. The C-17 Externally Blown Flap System is Scaled Down for the Model 110. 

However, simply scaling the system down is not the most effective method of adapting it. Therefore, 
several options were explored. To select an engine, the minimum required installed thrust was determined using the 
TOGW and a four-engine arrangement to blow a similar percentage of the wing to the C-17. Engine alternatives 
were selected based on their individual performance characteristics, which are detailed in Table 7. 

Table 7. Engine Option Characteristics are Similar. 


Item 

Units 

CF34-3 

TF34- 100 A 

ALF502R-3A 

Sea level uninstalled thrust 

pounds 

9,?70 

8,100 

6,570 

Sea level installed thrust 

pounds 

8,288 

7,200 

5,800 

Cruise specific fuel consumption 

lb/lb/hr 

0.682 

0.700 

0.640 

Bypass ratio 


6.2 

6.2 

5.6 

Dry weight 

pounds 

1,478 

1,440 

1,283 

Length 

inches 

103 

100 

56.8 


Three engine options were selected. The CF34 is used on the baseline ESTOL configuration, with the TF34 
and ALF502 being alternatives. It is interesting to note that the ALF502 was the engine originally used on the BAe- 
146. Mission performance was analyzed for each of the three engine options. As can be seen in Figure 13, the CF34 
is far more powerful than any of the other engine options at 100% thrust lever setting, whereas the ALF502 
produces the least thrust. Use of the CF34, then, allows for considerable growth in TOGW or shorter takeoff and 
landing distances as well as being able to throttle back for the baseline mission to reduce airport traffic area noise. 

After analyzing the performance of the engines at 100% thrust lever setting, the setting was lowered to 75% 
which would be the standard setting to minimize airport area noise. The same general trend in thrust available is seen 
for this scenario, shown by the dashed lines in Figure 13. 
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Mach Number 

Figure 13. Engine Performance at 35,000 ft is Sufficient to Meet Mission Requirements. 

The thrust specific fuel consumption (sfc) performance of each engine was also analyzed at 75% and 100% 
settings. The TF34’s sfc at 75% thrust is the highest of any of the engine options. This can be seen in Figure 14. 
Since the Model 110 will be cruising at that thrust lever setting, the TF34 is the least efficient engine option at 
cruise. The baseline engine (CF34) falls in the center of the sfc range. 



Mach Number 

Figure 14. Engine Specific Fuel Consumption at 35,000 Feet Provides Low Cruise Fuel Burn. 


Since the lift system works by externally blowing the flaps, high-temperature engine exhaust will be 
coming into contact with the flap structure. The temperature of the exhaust will be higher than the melting 
temperature of aluminum, the material generally used in flap construction. Therefore, the flaps must be made from 
titanium, which causes an increase in cost, as well as weight. Both are undesirable; therefore, additional studies 
should be done to justify this expense. 
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Nozzle and Nacelle Design 

In order to optimize the blowing capability of the nacelle, the Model 110 will be fitted with tailored 
nozzles. Several designs were studied. The optimum design was a convergent nozzle with variable area, which would 
allow maximum blowing during takeoff and landing without impacting cruise performance. A scrap view of this 
design is shown in Figure 15, in takeoff/landing configuration. 



Figure 15. A Variable Area Nozzle May Improve Takeoff and Landing Performance. 

However, this system is technically complex and would be difficult to manufacture and maintain. Other 
influences on the design are engine core exhaust temperature, as well as drag produced. Further studies are required to 
optimize the design, as well as determine the feasibility of a variable area system. 

The nacelle design optimizes inlet area, provides thrust reversal, and minimizes drag. Preliminary 
dimensions are shown in Table 8. 

Table 8. Nacelle Dimensions are Determined by Engine Choice. 


Item 

Units 

CF34 

TF34 

ALF502 

Diameter 

in. 

47.26 

44.60 

38.93 

Inlet Area 

sq.in. 

1,227.93 

1,093.60 

833.21 


Accessibility for maintenance was also considered. Three nacelle options exist, depending on the engine 
selected. The nacelle for the ALF502 is much smaller than the nacelle for the two other engine options, which 
allows for different placement as well as a savings in weight. Since the thrust reversal system depends greatly on the 
nozzle and nacelle designs, no final design will be offered at this time. Preliminary calculations show that it will 
include a cascade reversal system, which may include core flow. 

Initial spanwise engine placement was arrived at by scaling down the C-17 positions. However, this caused 
structural and noise concerns. Also, the third engine (ALF502) option is much smaller than the other two, possibly 
allowing for a completely different placement compared to the CF34 and TF34. These are all areas that require further 
study before final placement decisions are made. 
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Performance 

Drag and Lift Performance 

The drag and lift coefficients were calculated for the Model 1 10 using methods in Cummings “Aerodynamic 
Drag”. Compressibility and correction factors for interference, excrescence and engine drag were added, which resulted 
in the total parasite drag coefficient. The final results are shown in Table 9. 

Table 9. Lift and Drag Coefficients for Baseline ESTOL Reflect High Lift Generation. 


Item 

Takeoff 

Cruise 

Landing 

Total Drag Coefficient 

1.0499 

0.0459 

1.2703 

Operating Lift Coefficient 

4.25 

0.45 

4.68 

Glide Ratio 

4.45 

10.87 

4.05 

Transport Efficiency Factor 

0.48 

6.98 

0.37 


The operating lift coefficients lead to takeoff and landing distances that meet the RFP requirements. 


Engine/Cruise Performance 


The CF34 baseline engine, gives the thrust available versus thrust required curve shown in Figure 16 at sea 



Figure 16. Thrust Available versus Thrust Required at Sea Level Shows Considerable Excess 

Thrust. 


The Model 1 10 will not have problems in sea level takeoff scenarios, as the stall and maximum speeds are 
well within acceptable ranges. Since the Model 1 10 might be required to take off at a higher field elevation than sea 
level, the thrust available versus thrust required curves were also plotted for 5,000ft. The results are shown in Figure 
17. 
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Figure 17. Thrust Available versus Thrust Required at 5000 Feet Shows the Potential for Good 

Climb Performance. 

Once again, the stall and maximum level speeds do not cause a concern and the Model will still meet 
primary mission takeoff and landing requirements at 5,000 ft above sea level. 

At the Model 1 10 cruise altitude of 25,000 ft, Jhe CF34 baseline engines produce the thrust available versus 
thrust required curves shown in Figure 18. 



Figure 18. Thrust Available versus Thrust Required at 25000 Feet Exceed Mission Requirements. 
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The thrust lever setting is assumed to be 75%. Indicated on the graph are both the best range speed (320 kts) 
and best endurance speed (250 kts), which shows the vehicle meets the primary mission cruise speed requirement. 

The Model 1 10 can also cruise at 35000 ft, 10,000 ft above the primary mission requirement because of the 
thrust required to meet the short takeoff and landing requirements. At this altitude the baseline CF34 engine would 
produce the thrust available versus thrust required curves show in Figure 19, assuming a throttle setting of 75%. 



Figure 19. Thrust Available versus Thrust Required at 35000 Feet Provides Good Cruise 

Performance. 

This scenario gives a best range speed of 350 kts, and a best endurance speed of 280 kts. The maximum 
rate-of-climb for the CF34 baseline occurs at a speed that surpasses the FAA mandated “speed limit” of 250 kts at 
both sea level and 5000 feet as shown in Figure 20. Since, in this case, the maximum allowable rate-of-climb 
occurs at 250 kts, it is 6,370 fpm for sea level takeoff, and 5,540 fpm for a 5,000 ft field elevation takeoff. 



0 100 200 300 400 500 

True Airspeed in knots 


Figure 20. Maximum Rate of Climb at Low Altitude is Limited by the FAA 250 Knot Speed Limit. 
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Takeoff and Landing Performance 

In order to ensure the Model 110 satisfies the STOL requirements, takeoff and landing performance were 
closely analyzed. Several takeoff situations were considered, beginning with the standard takeoff procedure. Assuming 
all engines are operating, the three engine options give the takeoff distances shown in Table 10, for the various 
throttle settings. 

Table 10. Takeoff Performance by Engine Varies. 

CF34-3; 4 Engines, W/S 'M 75 Ib/ff 


Throttle 

75% 







Ground Roll 




T/W 

.32 

.37 

.43 


It should be noted that the ALF502 must be at least 85% thrust lever setting to meet the primary mission 
requirement of 2000 ft takeoff distance; whereas, both the CF34 (baseline) and TF34 can meet the requirement at a 
75% throttle setting. The lower throttle setting is preferred, since it reduces engine-related noise, which is a serious 
consideration at most commercial airports. 

In addition to a normal takeoff pattern, the FAR mandated one engine inoperative (OEI) performances were 
analyzed as well. The takeoff distances with one engine inoperative are substantially longer than the distances with 
all engines operating, due to the loss of the external blowing effect, as can be seen in Table 1 L 

Table 11. One Engine Inoperative Takeoff Performance Meets FAR 25. 


CF34-3; 3 Engines, W/S -75 lb/ft* 


Throttle 

75% 

85% 

100% 

Distance 

2267 ft. 

1852 ft. 

1447 ft. 

Ground Roll 

1261 ft. 

1096 ft. 

916 ft. 

T/W 

.24 

.27 

.32 


TF34-100A; 4 Engines, W/S = 74 lb/fP 


Throttle 

75% 

85% 

100% 

Distance 

1748 ft. 

1446 ft. 

1235 ft. 

Ground Roll 

1057 ft. 

921 ft. 

772 ft. 

T/W 

.23 

.32 

.38 


ALF502R-3A; 4 Engines, W/S = 73'lb/ft 2 


Throttle 

75% 

85% 

100% 

Distance 

2361 ft. 

1917 ft. 

1492 ft. 

Ground Roll 

1316 ft. 

1 143 ft. 

954 ft. 

T/W 

.19 

.22 

.26 


ALP5Q2R-3A; 3 Engin es, W/S = 73 lb/ if 


Throttle 

75% 

85% 

100% 

Distance 

4664 ft. 

3249 ft. 

2361 ft. 

Ground Roll 

1838 ft. 

1586 ft. 

1316 ft. 

T/W 

.14 

.16 

.19 


TF34-1Q0A; 3 Engines. W/S = 74 lb/ft 2 


Throttle 

75% 

85% 

100% 

Distance 

2847 ft. 

2269 ft. 

1748 ft. 

Ground Roll 

1464 ft. 

1269 ft. 

1057 ft. 

T/W 

.21 

.24 

.28 


The ALF502 cannot meet the primary mission requirement of 2,000 ft, even with a 100% thaist lever 
setting. The TF34 can only meet it with 100%. The CF34 has the best performance in this category, meeting the 
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requirement even at 85%. However, it also exceeds 2000 ft takeoff distance at 75%, which would be the standard 
operating setting during takeoff. 


For the baseline ESTOL configuration, meeting the required 2000 ft landing distance requirement is not a 
concern, as seen in Table 12. The table also shows the various speeds the aircraft will be traveling at during the 
landing. 

Table 12. Baseline ESTOL Landing Performance Meets Mission Requirements. 



Approach 

Flare 

Land 

Brake 

Speed (kts.) 

71 

68 

60 

44 

Distance (ft.) 

316 

456 

230 

89 


All applicable FARs are met, including the obstacle clearance. The maximum lift coefficient is 6.65, with a 
deflection of 40° on the flaps. The throttle setting is at 75% for noise reduction purposes. When comparing the three 
engine options, it can be seen that all three engines meet the primary mission landing distance requirement . A 
summary of these results is shown in Table 13. 

Table 13. Landing Perfor mance for Each Engine Option M eets Mission Requirements. 



CF34 

TF34 

ALF502 

FAR Field 
Length 
(ft.) 

1818 

1826 

1835 

■ 

0.42 

0.36 

0.29 

W/S 

(tb/ft 2 ) 

58.8 

58.6 

58.0 


These distances assume that all engines are operating at a standard throttle setting of 75%. 
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Airport Congestion Study 

In addition to the nominal design of a regional airliner, the SOW also requested a continuation of the airport 
congestion study. This section details results to date. As seen by the map in Figure 21, which was provided by 
NASA, there are a large number of airports in the United States capable of supporting ESTOL aircraft. Many of 
these are underutilized. 



Faced with the large amount of data provided, the study was narrowed to the state of California. Four factors 
were used in classifying runways: runway length, runway ramp weight, commercial flights, and the existence of a 
control tower. These factors were chosen due to their applicability to commercial traffic. The runway ramp weight is 
a measure of how big an airplane can land at the airport in question. This was an important statistic, since many of 
the smaller airports cannot accommodate larger jet transports. By ensuring the Model 110 TOGW is flexible, 
additional airports become available for use. 

The data were first grouped into two classes: tower and non-tower airports. Figure 22 shows the number of 
runways available in California with control towers broken down by length, with the 4,000 to 6,000 ft runways 
being of primary interest to this study. These airports were investigated further, with their statistics compiled into a 
database included on the PowerPoint CD. 

Many of the underutilized runways have low ramp weights. A trade study was conducted to see how TOGW 
might be reduced while still meeting all primary mission requirements. Figure 23 shows some of the results of this 
trade study. 
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3,000 to 4,000 ft. 


4,000 to 6,000 ft. 

Runway Lengths 


Greater than 6,000 ft. 


Figure 22. There are Many Runways in California with Control Towers. 



Figure 23. TakeOff Gross Weight and Range Vary With Payload and Fuel Load. 

By reducing ramp weight, additional runways become useable. This includes runways at smaller airports in 
suburban areas, which would allow those airports to absorb additional traffic. By altering the mission profile. 
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reducing range, or passenger complement, even more airports become accessible. Some Ideas were explored; their 
results are contained in the database. The early results of the California study are promising. Many runways are 
available for use by the Model 1 10. Some of these runways are near areas of heavy congestion, such as SFO and 

LAX. Those runways could be used to reduce the load of the congested airports, which might lessen delays. 

Taking the early results of the California study, and extending them to the rest of the United States, it 
becomes clear that there is a large potential market for ESTOL aircraft, as can be seen in Figure 21. Using ESTOL 
type aircraft, as well as modifying the hub-and~spoke system, congestion at major airports could be reduced, which 
would allow for more efficient use of space, and help decrease delays. The system, as it has been presented here, 
appears to be economically as well as technologically feasible, although more detailed business studies may be 
required. 


CONCLUSIONS AND RECOMMENDATIONS 

The Model 110 is, at this stage, only a notional design. Many unanswered questions remain about the 
system concept as well as the vehicle design. This phase of the work also showed the need for a cohesive, generic 
high lift system performance methodology including powered lift effects. 

A detailed business study would be helpful in determining the economic feasibility of the new regional jet 
transport system, as well as the production of the vehicle. In order to finalize the design of the Model 1 10, addition 
information would be required about the propulsion system, as well as the high-lift system. At a higher level, 
companion studies should be performed to define airport traffic area operations and most likely runway lengths to be 
required. 
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the 

NASA/Cal Poly/Boeing Advanced Concepts Design Consortium 

September 20, 2002 


Presentation to Boeing/Long Beach C-l 7 Staff 
Describing 

the History of and Plans for 



Cal Poly’s Aircraft Design Lab 

Home of award-winning aircraft design sequence for forty years 



1 ,600 square feet, extensive design text & report reference library, 1 1 
PCs, 9 Macs, LAN, 6 printers, 1 plotter, audio/video options 




Consortium Goal 




Create an environment in which students can apply their recently learned 
technical knowledge to real-world challenges in an industrial advanced 
concepts department setting. 

Provide first-rate new engineers to industry and Government who need 
little or no initial on-the-job training (try-before -you-buy). 

Augment industry and Government advanced concepts organizations by 
providing timely, quality responses to internal and customer design study 
needs. 

Improve cross-fertilization of new ideas between all participating 
organizations. 



AIAA Competition Results 

YEAR COMPETITION INSTRUCTOR BID FIRST SECOND THIRD 


2002/2003 

Ultra Heavy Lift 

Hall 

yes 

to be determined 

2002/2003 

Reusable Launch Vehicle 

DcTurri* 

yes 

to be determined 

2001/2002 

LO Interdictor 

Hall 

yes 

1 

2001/2002 

HALE UAV 

Hall 

yes 


2000/2001 

Common Support 

Hall 

yes 

1 

2000/2001 

Hypersonic 

DeTurris 

yes 

1 

1999/2000 

Cruise Missile Carrier 

Hall 

yes 

1 

1998/1999 

Super STOL COO 

van't Rlet 

yes 

1 

1997/1998 

UCAV 

van't Riet 

yes 

1 

1996/1997 

Regional Amphibian 

van't Rict 

yes 

1 1 

1995/1996 

HALE UAV (Tier 11+) 

van't Rlet 

yes 

1 1 

1994/1995 

Space Transportation 

van't Rlet 

yes 

1 

1993/1994 

Commercial Transport 

van't Riet 

yes 

1 

1992/1993 

Global Range Transport 

van't Riet 

yes 

1 

1991/1992 

General Aviation 

van't Riet 

ne 


1990/1991 

Close Support Aircraft 

Cummings 

yes 


1989/1990 

Advanced Package Transport 

Andreoli 

yes 

1 

1988/1989 

no data 

Andreoli 

no 


1987/1988 

Drug Enforcement 

Andreoli 

no 


1986/1987 

General Aviation Amphibian 

Sandlin 

yes 

1 
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Research Grants 


1999-2000 Boeing 

Navy Multi-Role Endurance UAV 
Configuration Study 

2000-2001 NASA/Ames 

USB Extreme STOL Regional Airliner 

2000-2001 Boeing 

Front Line Delivery System Configuration Study 

2000-2001 NASA/Ames 

Mars Flyer High Altitude Drop Test 
Campaign 2001 

2001-2002 Boeing 

ESTOL Advanced Tactical Transport Civilian 
Demonstrator Configuration Study 

2001 -2002 NASA/Langley 

Personal Air Vehicle Experiment Study 

200 1-2002 NASA/Ames 

EBF Extreme STOL Regional Airliner 

200 1-2002 NASA/Ames 

Mars Flyer High Altitude Drop Test 
Campaign 2002 


m 



DNTJ-304 Ducting Details 


This MRE configuration demonstrates the application of chordwise 
augmentor bays to provide VTOL capability. 



Ship-Suitable Multi-Role Endurance UAV 

DKU- 

301 


Boeing requested that Cal 
Poly review all possible 
VTOL design approaches 
and create configurations 
using the most promising 
ones to provide UAV 
strike/reconnaissance 
capability to all Navy air- 
capable ships. 
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2000-2001 USB ESTOL Configuration 




Value of a Stronger Relationship 


• What you will see today will demonstrate that this 
type of relationship is a win - win for all parties. 

- Current relationship has allowed a free flow of 
ideas, information and mentoring. 

- Standard method spends a lot of time with 
paperwork versus education. 
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The Problem Posed 


Current NAS system will not stay ahead of the required 
growth much longer. 

Past research has pointed to the need to have a system 
and a vehicle that can: 

- Use runways 4,000 feet long. 

- Fly descending/decelerating SNI approaches. 

- Is economically feasible 

« Manufacturability, Operate in current and future NAS, etc. 






The NASA/ Cal Poly ESTOL Project Team Presents 
The Model Model 114 Regional Airliner 
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Agenda 

Initial Design 
Configuration 

• Landing Gear 
Propulsion 
Performance 

• Takeoff 

• Landing 

• General 
V-n Diagram 
Airport Congestion 
Recommendations 
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Analysis of Current Regional Jets 


The following Regional Jets were used to create a weight trend 
for the current configuration 



1. Fairchild Domier 328-300 

2. Embraer ERJ135ER 

3. Embraer ERJ135ER LR 

4. Embraer ERJ 145ER 

5. Embraer ERJ 145ER LR 

6. Bombardier CRJ200 ER 

7. Bombardier CRJ200 LR 

8. Bombardier CRJ700 

9. Bombardier CRJ700 ER 

10. Bombardier CRJ900 

11. BAE RJX-70 

12. BAE RJX-85 
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Assumptions Llsed for Constraint Plot Construction 


•Number of Engines: Four (maintain high-lift system) 
•C Lmax : 6.65 

•Engine Throttle (Cruise): 75% 

•0.5g deceleration on landing 

•Meet All FAR Part 25 Takeoff and Landing Constraints 







Design Constraint for ESTOL Aircraft 






Tateoff Thrust to Vfcnrt Riio 
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Configuration Overview 


• Features Chart 

• Fuel Configuration 

• Weight Sizing and Results 

• Payload Range Diagram 

• Tail Sizing/Wing Mounting Structure 





Alternative Fuselages 


Antonov An-74TK-300 
TOGW 82.670 lbs. 

Accommodation for 60 to 68 passengers 


ATR 72-500 
TOGW 47,400 lbs 

Accommodation for up to 84 passengers 


Bombardier Dash-3 Q400 
TOGW 43,000 IbS. 
Accommodation for 70 passengers 


IPTN N-250 Gatut Koco 
TOGW 54,674 IbS. 

Accommodation for up to 68 passengers 




Current Baseline ESTOL Features 





70-passenger 
BAe-146-100 ft 
(17,060 lb.) 


Sufficient fuel 
capacity to meet 
range requirement. 


Same empennage 
as BAe-146-100 


40% Scaled C-17Wing 


CF34 Engine 


Takeoff Gross 
Weight of 77,150 lb. 
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Wing Layout 


• 6 different airfoils blended over span 





. — 





1 



"" 

DBLA 142 centerline 


DBLA 145 

40% half-span 

' ~ 


^ 

r 

DBLA 143 10% half-span 


DBLA 146 

60% half-span 



DBLA 144 25% half-span DBLA 147 wing tip 



Weight Sizing and Results 



CF34 

TF34 

ALF502 

Structure (lb.) 

25,788 

25,788 

25,788 

Propulsion (lb.) 

6,614 

6,462 

5,834 

Equipment (lb.) 

10,046 

10,046 

10,046 

Total Empty Weight (lb.) 

42,449 

42,297 

41,669 

Fuel (lb.) 

17,641 

17,000 

16,000 

Payload (lb.) 

17,060 

17,060 

17,060 

Takeoff Gross Weight (lb.) 

77,150 

76,356 

74,728 


Primary Source: Raymer (3 rd Edition) 
Secondary Sources: Roskam, Nicolai, Torenbeek 
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Fuel Layout 




• Volume method 

- Used 6 different airfoils, 
blended over the span 

• Applicable FARs 

- No fuel above cabin 

- Butt planes over engine 
pylons 

• Final layout 

- Integral Tanks 

- Total fuel: 21,002 lb. 
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Payload Range Diagram Comparison 




Wing Comparison 




• Wing is 24% larger, 20.4% heavier than BAe-146-100 wing. 

• Extra weight no concern, later models of -100 can support it. 



Model 1 14 

BAe-146-100 

Weight (lb) 

5413 

4995 

Area (ft 2 ) 

1030 

832 

Distance between spars 
at centerline (ft) 

9.5 

4.5 



FT” 


Fuselage Structure 





• Need to add 2 new 
frames 

- 8.5 inches behind 
frame #13 (FS 399) 

- 6 inches in front of 
frame #19 (FS 516) 

♦ Treat frames 14 and 16 
as normal, no/little 
weight increase 
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Shock Absorbers 


• Oleo/pneumatic fitted to 
each unit 

• Compression Ratios: 

Static to Extended = 4/1 
Compressed to Static = 3/1 

•Main 

Load Extended = 8,781 lb. 

Load Static = 35,126 lb. 

Load Compressed = 105,377 lb. 



•Nose 

Load Extended = 1,725 lb. 
Load Static = 6,899 lb. 

Load Compressed = 20,696 lb. 




NASA'OI l>ply t-$Tpl Hritonych i n-.,, ct 


Landing Gear Configuration 




Main Gear 

15° tip back angle to C.G. 
14° tail strike angle 
55% of MAC 
Static Load = 70,25 1 lb. 



Nose Gear 
Static Load = 6,899 lb. 
Self-centers ±20° 
Steerable through ±70° 
Castors ±180° 

Steered by cockpit hand- 
wheels 



Overall Landing Gear Weight: 2,791 lb 
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Tire Selection 


Nose Gear 


Main Gear 



New 

DR15840T 

Old 

DR15856T 

Type 

VII 

VII 

Tire Size 

24x7.7 

24x7.7 

Ply Rating 

14 

14 

Speed Rating 
(mph) 

190 

225 

Max Load 
(lbs) 

8,200 

8,200 

Typical Weight 
(lbs) 

29.4 

27.4 



New 

DR11739T 

Old 

DR11748T 

Type 

VII 

VII 

Tire Size 

39x13 

39x13 

Ply Rating 

18 

24 

Speed Rating 
(mph) 

190 

210 

Max Load 
(lbs) 

19,400 

27,400 

Typical Weight 
(lbs) 

89.30 

110.00 
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Propulsion Objectives 

• Baseline ESTOL uses the C-17 high lift system 

• Finding the best way to scale the system down to work 
on a regional airliner 




Engine Specifications 



Engine 


CF34-3 

TF34-100A 

ALF502R-3A 

Uninstalled Thrust (SL) 

lb. 

9,270 

8,100 

6,570 

Installed Thrust (SL) 

lb. 

8,288 

7,200 . 

5,800 

SFC (Cruise) 

lb/lb/hr 

0.682 

0.700 

0.640 

BPR 


6.2 

6.2 

5.6 

Weight 

in. 

1,478 

1,440 

1,283 

Length 

in. 

103 

100 

56.8 


Thrust (lb.) 
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Propulsion Options 



• Aircraft take-off gross weight determined decision for total 
installed thrust 

• CF34, TF34, ALF502 picked for good SFC, at altitude thrust, and 
BPR 

• Four engines for increased blown flap area, improved engine out 
performance, and to emulate the C-17 



Installed Thrust versus Mach 
35,000 ft. 



0.35 0.6 0.65 0.7 0.75 0.8 0.85 


Hi 


XASVCfl Poly I'STi.M. jin- u Proper 





Nozzle Options 

Modify scaled down C-17 high-lift system to improve performance 

Design dependent on engine core exhaust temperature 

Nozzle design will allow maximum blown area 

Convergent nozzle with variable area for optimum cruise performance 




Mixed exhaust design looks promising with preliminary calculations 
Design can be modified to increase blown area and/or reduce drag 
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High Lift System 




ESTOL flaps must be titanium to withstand 
heat from engine exhaust 
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Nacelle 

Design Features 

• Optimize inlet area 

• Optimize for thrust reversal 

• Minimize drag 

• Easy maintenance access 


Nacelle Estimations 

CF34 

TF34 

ALF502 

Diameter 

47.26 in. 

44.60 in. 

38.93 in. 

Inlet Area 

1227.93 in 2 . 

1093.6 in 2 . 

833.21 in 2 . 


N'tSA C,,t Poly J'STOL Kr^-jrrl, Pro<ec» 


■ ■ 
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Thrust Reversal 

• Cascade reversal system 

• May include core flow depending on nozzle design 

Translating 


Fan Air 




~~ ^ 

Drag Buildup Method and Baseline Aerodynamic Results 

• An estimated parasite drag coefficient was calculated for each basic 
airplane component. 

(Cummings, R., “Aerodynamic Drag," Col Poly, San Lull Obispo, CA, Feb. 2001.) 

• A compressibility drag correction was then performed using the 
Prandtl-Glauert rule. 

• Induced drag coefficients were calculated for the wing. 

• A 10% correction factor was added to 0 to account for interference, 


excrescence, and engine drag. 




Takeoff 

Cruise 

Landing 


Cp tot 

1.0499 

0.0459 

1.2703 

opt. 

4.25 

0.45 

4.68 

L/D 

4.45 

10.87 

4.05 

Transport Efficiency 
Factor 

0.48 

6.98 

0.37 
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Baseline Thrust Available-Thrust Required 
Sea Level Takeoff 



Kolviprliiur 


Baseline Thrust Available-Thrust Required 
25,000 ft. 
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Baseline Thrust Available-Thrust Required 
High Altitude Takeoff (5,000 ft.) 






Baseline Thrust Available vs. Thrust Required 
35,000 ft. Cruise 












Takeoff Distance and Ground Roll for Engine Out 


CF34-3; 3 Engines, W/S = 75 lb/ft 2 


Throttle 

75% 

85% 

100% 

Distance 

2267 ft. 

1852 ft. 

1447 ft. 

Ground Roll 

1261 ft. 

1096 ft. 

916 ft. 

T/W 

.24 

.27 

.32 

ALF502R-3A: 3 Eneii 

les. W/S = 73 lb/ft 

Throttle 

75% 

85% 

100% 

Distance 

4664 ft. 

3249 ft. 

2361 ft. 

Ground Roll 

1838 ft. 

1586 ft. 

1316 ft. 

TAV 

.14 

.16 

.19 



TF34- 1 00 A; 3 Engines. W/S = 74 lb/ft 2 


Throttle 

75% 

85% 

100% 

Distance 

2847 ft. 

2269 ft. 

1748 ft. 

Ground Roll 

1464 ft. 

1269 ft. 

1057 ft. 

TAV 

.21 

.24 

.28 



CF34-3; 4 Engines, W/S = 75 lb/ft 2 


Throttle 

75% 

85% 

100% 

Distance 

1447 ft. 

1204 ft. 

952 ft. 

Ground Roll 

916 ft. 

799 ft. 

671 ft. 

TAV 

.32 

.37 

.43 


Throttle 

75% 

85% 

100% 

Distance 

2361 ft. 

1917 ft. 

1492 ft. 

Ground Roll 

1316 ft. 

1143 ft. 

954 ft. 

TAV 

.19 

.22 

.26 


TF34-100A; 4 Engines. W/S = 74 lb/ft 2 


Throttle 

75% 

85% 

100% 

Distance 

1748 ft. 

1446 ft. 

1235 ft. 

Ground Roll 

1057 ft. 

921 ft. 

772 ft. 

TAV 

.23 

.32 

.38 




Externally blown double-slotted Fowler flaps used 



Approach 

Flare 

Land 

Brake 

Speed (kts.) 

71 

68 

60 

44 

Distance (ft) 

316 

456 

230 

89 


Total Landing Distance = 1091 
Total FAR Field Length = 1818 ft 
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Study of California 


Criteria used in the California study: 

•County Population 
•Runway Size 
•Daily Commercial Flights 
•Existence of Control Tower 
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Comparison of Public Runways (with Control Tower) in California 



Runway Lengths 
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Available Airports for the Model 1 14 


•Usable Airports must have: 


•Runway lengths of 4,000 ft. 
or greater. 

•Double wheel runway 
weight limitations in excess 
of 77, 150 lb. 

•Control tower. 
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Study of California 


Runway Maps Created Using County 
Boundaries and Daily Commercial Traffic 

•Most available non-trafficked runways are in sparsely 
populated regions. 

•LAX and SFO within proximity to under-used 
runways. 

•Problems exist, however, to efficiently connect under- 
used and over-used airports. 
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Study Recommendations and Questions 


•Exit temperature and velocities of engine needed for more in- 
depth propulsion analysis. 

•More C-17 data and specifications needed (flaps, pylons, 
nacelles, etc.). 


•Cost analysis. 

•What are we missing, in the vehicle or system concept? 
•Economics and manufacturing issues. 

•What issues are we not thinking about? 
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Defining the Next Steps 

Cal Poly would create an “entity” that NASA and 
Boeing could fund. 

- Each partner would fund this entity @ $ 30K/yr. 

- Students would be given real world problems to 
be studied. 

- Work would be non-proprietary. 



Other Issues 




• Create a Council of the partners would 
decide/suggest what projects to work on? 

• Should we add other partners? 

• Development of Summer jobs for Students? 
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Background 

• Growth of current system will end in gridlock 

• Current solutions only moves problem to the right, 
does not solve the problem 
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Simultaneous Non-Interfering (SNI) Approaches 


Boeing further developed this concept in their 1 998 NASA 
report “Rot or craft Requirements in the Next Generation 
ATM System”. 
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Airports That Can Support ESTOL Aircraft 





